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ABSTRACT

ACTIVITY LEVELS OF BAT SPECIES AT INTERSTATE HIGHWAY SITES WITH
AND WITHOUT WILDLIFE UNDERPASSES IN THE WASHINGTON CASCADES
by
Jenna Lynn Chapman
June 2022

Roads force wildlife to navigate degraded and fragmented habitats across the
globe, creating barriers to movement and increasing the risk of mortality. This includes
bats, whose movements between foraging and roosting habitats may be impeded by
roads. Wildlife crossing structures (WCS) are a common mitigation strategy to increase
connectivity, but investigation into bat activity in and around these structures is limited. I
investigated bat species presence and activity along Interstate-90 in the Cascade Range of
Washington State. My goal was to test whether all bat species found in the nearby forest
were also active along the highway, and whether bat activity levels were higher at
highway locations with WCS than at locations without underpasses. Echolocation calls
were recorded at locations with and without underpasses, and in the adjacent forest. Calls
were analyzed across all species and separated into 4 guilds based on species-specific
frequency ranges. All 8 species detected in the forest were also detected along the
highway. Total bat activity was higher along the highway than the adjacent forest but did
not differ between locations with vs. without underpasses. Activity for three of the four
guilds followed similar trends, but the 50-kHz guild showed significantly higher activity
at underpasses than at locations without them. Confounding variables make interpretation
challenging, but this study provides important information on bat activity along an
ii

interstate highway in Washington State. I highlight the need for more intensive
monitoring efforts to better understand the effectiveness of WCS in reducing the impacts
roads have on bats in North America.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
As human populations expand across the globe, reliance on extensive roadnetworks for efficient transportation of people and goods has increased. The total length
of existing roads is expected to increase by 60% from 2010 to 2050, totaling over 25
million kilometers globally (UNEP 2019). Although roads play an important role in
connecting societies, they are also responsible for large-scale habitat disturbance, which
can have severe negative impacts on road-adjacent ecosystems and the wildlife that rely
on them. These impacts can be attributed largely to habitat loss, degradation, and
fragmentation as well as wildlife-vehicle collisions (Clevenger and Huijser 2011).

Roads and Their Associated Impacts on Wildlife
In the United States alone there are over 6.4 million kilometers (4 million miles)
of public roads; considering roads with multiple lanes, this totals over 14.2 million
kilometers (8.8 million lane-miles) (USDOT FWHA 2020). Consequently, roads result in
the loss of critical habitat, reducing usable space for various species. The area directly
impacted includes not only the lanes of roads, but also road verges (i.e., the area of
vegetation and soil along roadsides which form managed borders that separate roads from
adjacent habitats) (Phillips et al. 2020). These roadside microhabitats tend to consist of
compacted, low-quality soil and a vegetation community that is often treated with
herbicides to keep it maintained. Areas alongside roads also promote the spread of and
colonization by invasive species (Van der Ree et al. 2015; Beckmann et al. 2010).
Additionally, road verges usually create an abrupt edge that alters the physical and
1

biological environment immediately adjacent to roads. For example, an edge created in a
once-continuous forest habitat may create hotter and drier conditions that can affect what
species can persist there (Beckmann et al. 2010).
Although the physical construction and maintenance of roads directly reduce the
amount of land available to animals, roads also degrade habitats in the surrounding
landscape. Noise, light, and chemical pollution produced by roads and associated traffic
degrade surrounding habitats (Beckmann et al. 2010; Andrews et al. 2015; Van der Ree et
al. 2015). Additionally, roads can alter stream networks, and the overall hydrology
surrounding roads through changes in drainage patterns, sediment transport, introduction
of contaminants and erosion (Coffin 2007; Andrews et al. 2015). The area over which the
ecological impact of roads and traffic on adjacent ecosystems is detectable is referred to
as the “road-effect zone” (Van der Ree et al. 2015; Andrews et al. 2015). The road-effect
zone consists of habitats that are too degraded to support stable populations and can also
include areas that are avoided by animals due to unsuitable habitat conditions (Bennett
2017).
Through the creation of inaccessible and avoided habitats, roads fragment the
landscape. Fragmentation, when large continuous areas of land are divided into smaller
more isolated sections, leading to reductions in wildlife movement and connectivity
(Coffin 2007; Beckmann et al. 2010). Isolated populations that result from fragmentation
and reduced connectivity have decreased gene flow and less genetic variation, which
culminates in increased risk of local extinction. Ecological impacts of roads will only
become increasingly more detrimental for long term persistence and viability of
populations near roads as they are expanded and upgraded to transport greater traffic
2

volumes (e.g., avoidance becomes greater, successful crossings decrease, habitat quality
is further reduced, and more fragmentation occurs).
Wildlife-vehicle collisions pose threats for both humans and wildlife. As animals
attempt to traverse anthropogenic landscapes to access foraging, breeding, and other
essential areas, their interactions with roadways become increasingly detrimental,
dangerous, and often fatal. Collisions with larger animals (e.g., bears, cougars, deer, elk,
moose) cause the most damage to humans, resulting in economic losses of more than $8.3
billion annually in the United States (USDOT FWHA 2008). The extent of these impacts
on humans is what has drawn people to care about the impacts of roads, but not just
human lives and economies are impacted. Mortality from collisions with cars can have
negative effects on wildlife movement and connectivity, which can contribute to declines
that make populations non-viable over time (Andrews et al. 2015; Forman et al. 2010;
Clevenger and Huijser 2011).
Wildlife Crossing Structures
The risks to humans and wildlife and reduction in ecological connectivity
imposed by roads have motivated transportation agencies and other stakeholders to
collaborate and implement mitigation strategies to offset road impacts. One of the most
successful mitigation strategies involves the installation of wildlife crossing structures
(WCS) (Beckmann et al. 2010; Andrews et al. 2015). WVCs have been used across the
globe; they have been constructed mostly in Europe and North America, but also in
Australia. Asia, Africa, and South America (Van der Ree et al. 2007; Smith et al. 2015).
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WCSs are designed to facilitate safe passage of wildlife across roads and aim to
increase connectivity and reduce wildlife-vehicle collisions. Structures vary in design,
shape, and size but they typically take the form of overpasses and underpasses,
specifically culverts and bridges (Andrews et al. 2005; Van der Ree et al. 2007;
Beckmann et al. 2010). Fences often accompany these structures to help guide and funnel
animals towards the structures and deter crossings over unmitigated areas of roads. In
Washington State, Interstate-90 (I-90), a critical and high-traffic transportation corridor,
has been the focus of such mitigation efforts. This east-west transportation corridor
connects large populations of people across the state and region, while at the same time it
disrupts the north-south movement of wildlife in the Cascade Range. The Washington
Department of Transportation (WSDOT) and its partner organizations implemented the
Interstate-90 Snoqualmie Pass East Project (I-90 SPEP), which covers a 24-km (15 miles)
stretch of I-90. Along with improving road conditions for travelers using the interstate,
this project involves the creation of multiple wildlife crossing structures that aim to
increase ecosystem connectivity in the Cascade Range. To evaluate the use of these
structures and their effectiveness in increasing connectivity, researchers are monitoring a
diversity of wildlife species within the I-90 SPEP.
Monitoring efforts are essential in determining the success and effectiveness of
these structures (WSDOT 2008). Many studies on the usage of WCSs have focused on
terrestrial animals, namely high-mobility carnivores, and ungulates, but also low-mobility
wildlife such as small mammals, reptiles, and amphibians. Relatively few studies on the
use or effectiveness of crossing structures have focused on aerial vertebrates like birds
and bats. Bats are able to fly over the road, but studies have begun to call attention to the
4

negative impacts roads have on bats and the benefits of WCS in mitigating those negative
effects. Overall, crossing structure effectiveness will depend on species’ behavior and
natural history, so effectiveness will vary by species.
Bat Ecology
Bats belong to the order Chiroptera, the second largest group of mammals in the
world (after rodents), with more than 1,447 extant (living) species worldwide (MDD
2022). “Chiroptera” is derived from Greek words meaning “hand-wing” referring to their
ability to fly using a membrane stretched across their elongated fingers that form wings
out of their hands (Harvey et al. 2011). This unique trait sets them apart from all other
mammals because it makes them the only mammal capable of true powered flight,
allowing them to access an exclusive aerial niche. This trait is likely the driving factor
behind their evolutionary success and widespread geographic distribution. Bats are found
across all continents except Antarctica and come with a rich diversity of ecological
attributes. Dietary habits range from feeding on insects and other arthropods to feeding
on fruit, nectar, flowers, frogs, fish, small mammals and even blood (Simmons and
Conway 2003; Kunz et al. 2011; Harvey et al. 2011). The feeding habits of bats provide
important ecosystem services, primarily in the form of insect suppression and pollination,
but also in nutrient transport between aquatic, terrestrial, and cave ecosystems (Kunz et
al. 2011; Boyles et al. 2011). Although diets vary widely among bat species, more than
two thirds are insectivorous. In the United States, 44 of the 47 bat species feed on insects,
leaving only 3 species that depend on nectar and/or fruit (Choeronycterus mexicana,
Leptonycteris yerbabuenae, and Artibeus jamaicensis; Harvey et al. 2011; Hayes and
Wiles 2013).
5

In Washington State, all 15 bat species belong to the family Vespertilionidae.
Many vesper bats are light but range from 4 to 80 grams. Unlike other small mammals,
bats have a relatively long lifespan of 10-20 years and a low reproductive rate, usually
giving birth to just one pup per year (Abbott et al. 2015; Harvey et al. 2011). This makes
it hard for bats to recover from population declines and puts them at a higher risk for
local extinctions.
Like most bats, Washington vespertilionids forage at night. To capture their prey,
they rely on flight and another notably unique characteristic of Chiropterans:
echolocation. Echolocation is the process in which bats emit high-frequency sounds and
interpret the returning echoes that bounce off surrounding objects to perceive their
physical environment (Schnitzler and Kalko 2001; Anderson and Ruxton 2020; Harvey et
al. 2011). Insectivorous bats use one of three foraging modes when hunting: aerial
hawking (capturing insects in the air), gleaning (capturing non-flying insects from a
surface), or trawling (capturing insects on or above water) (Schnitzler and Kalko 2001;
Jones and Rydell 2003). Foraging habitat varies with species, but many Washington
species tend to concentrate feeding in lower elevation riparian areas, where insect
abundance can be particularly high, and along edge habitats, where insect availability is
still high but clutter from vegetation is reduced (BCME 2016; Lacki et al. 2007; Hayes
and Wiles 2013). Bats that reside primarily in forests, like those in the forests of the
Cascade Range, prefer older forests over younger forests because the older forests
contain natural open gaps that bats can more easily navigate, and they offer more roosting
opportunities such as under bark and in cavities of snags (Lacki et al. 2007; Hayes and
Wiles 2013).
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Roosting habitats are another primary requirement for bat populations. Bats roost
in a variety of structures to gain shelter from potential predators and adverse
environmental conditions. Roosting habitat includes trees, snags, talus, caves, mines,
bridges, buildings, and other sturdy areas with cavities or crevices that can protect bats
from the elements. Roosts are also vitally important for mating, rearing young,
hibernating during the winter, digesting food, and conserving energy (Barclay and Kurta
2007; Hayes and Wiles 2013).
Road Effects on Bats
Roads have multiple negative impacts on bats (Fensome and Mathews 2016;
Altringham and Kerth 2015; Abbott et al. 2015; Berthinussen and Altringham 2011).
Construction of roads and the associated removal of trees and other natural vegetation in
the landscape destroy potential roosting habitat and reduce available foraging habitats for
bats. Roads also act as barriers to movement between roosting and foraging habitat
because roads can sever existing commuting routes (Limpens and Kapteyn 1991;
Lesinski 2008), create an open space that deters certain species from crossing (Abbott et
al. 2012b; Bennett and Zurcher 2013; Laforge et al. 2019), and have increased levels of
light (vehicle and road lights) and noise (traffic) pollution that leads to road avoidance
behaviors (Stone et al. 2009; Siemers and Schaub 2011; Bhardwaj et al. 2021; Bennett
and Zurcher 2013; Bunkley et al. 2015). High nighttime traffic can lead to the reduced
use of breeding habitats near the road, and the associated road-effect zone has been found
to operate up to 300 to 500 meters from the road, with some places extending well
beyond 1,000 m (Medinas et al. 2019; Kitzes and Merenlender 2014; Claireau et al.
2019).
7

In addition to reducing access to and degrading habitats, roads also lead to bat
mortality via collision with vehicles; this can increase risk of local population extinction
for insectivorous bats because of their low reproductive potential (Abbott et al. 2012a;
Fensome and Mathews 2016). Despite these glaring concerns, few road ecology studies
in North America have evaluated the use of wildlife crossing structures by bats, which
are rarely included in monitoring efforts.
Research Objectives and Predictions
My primary goal was to assess bat species composition and activity in response to
the presence of underpasses in an interstate highway (I-90). Specifically, I aimed to
determine whether a) all or only a subset of bat species in the nearby forest travel through
habitats immediately adjacent to the highway, b) bat activity along the highway is
different than in the nearby forest habitat and c) bats are more active at crossing
structures (i.e., underpasses) than at nearby unmitigated sections of the interstate without
underpasses.
I predicted that species detected along the highway (i.e., underpass and
unmitigated sites) would be a subset of those in the habitats adjacent to I-90. This would
indicate that the interstate highway deters some species from crossing and would be
expected because bat species differ in body size, wing morphology, characteristics of
echolocation calls, and feeding strategies, leading to species-specific effects of the
highway. Species that are relatively larger and more adapted to foraging in open areas are
less affected by roads and are more likely to be found near the highway; species that are
smaller, slower, and adapted to flying in cluttered woodlands and forests are more likely
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to avoid the highway (Altringham and Kerth 2015; Berthinussen, and Altringham 2012).
I predicted myotis species to be absent or relatively less active near the highway because
they are smaller and tend to rely more on slow, maneuverable flight and have been found
to avoid open areas (Hayes and Wiles 2013). Further, I predicted overall bat activity to
be lower near the highway than in the forest because I anticipated traffic, noise, and light
produced by the road would deter all bats in general. I also predicted that bat activity
would be higher at the location of underpasses than at unmitigated areas because
underpasses provide an area for bats to safely navigate the landscape without obstruction
from road-related activities.

9

CHAPTER II
METHODS
Study Species
Washington is home to 15 bat species, all in the family Vespertillonidae. Eleven
of these potentially occur in my study area described below (Hayes and Wilkes 2013):
hoary bat (Lasiurus cinereus), Townsend’s big-eared bat (Corynorhinus townsendii),
silver-haired bat (Lasionycteris noctivagans), big brown bat (Eptesicus fuscus), fringed
myotis (Myotis thysanodes), western long-eared myotis (M. evotis), long-legged myotis
(M. 10olans), little brown myotis (M. lucifugus), western small-footed myotis (M.
ciliolabrum), California myotis (M. californicus), and 10ola myotis (M. yumanensis).
Ranges of body mass for these species are 2.5-11 grams for the myotis species, 6-19 g for
Townsend’s big-eared and silver-haired bats, and 8-38 grams for hoary and big brown
bats (Willig et al. 2003; Hayes and Wiles 2013). All species are insectivorous, using
aerial-hawking (i.e., capturing moving prey mid-flight), gleaning (i.e., capturing
stationary prey off of surfaces) or both as their primary feeding strategies (Table 1)
(Lacki et al. 2007). They rely heavily on echolocation to detect and acquire details about
position, size, distance, shape, and speed of their prey.
The Townsend’s big-eared bat, hoary bat, and silver-haired bat are identified as
“species of greatest conservation need” (WDFW, 2015). The fringed myotis, long-legged
myotis, western long-eared myotis, and western small-footed myotis are state “monitor”
species that require management, survey, or data emphasis (Hayes and Wiles 2013).

10

All work on these bats was approved by the CWU Institutional Animal Care and
Use Committee (Protocol # 2020-056) and the Washington Department of Fish and
Wildlife (Scientific Collection Permit Ernest 20-152).

Study Area
I conducted this study in the Eastern Cascades ecoregion of Washington State
(Sorenson 2012a), east of Snoqualmie Pass (elevation 921 m, 3022 ft) between
Keechelus Lake and Kachess Lake in Easton, WA (Figure 1). The southern end of
Keechelus Lake (surface elevation 767 m, 2517 ft; USDA n. d.) feeds the Yakima River,
a tributary of the Columbia River. Most of this area, including the lake, river, and the
surrounding forest, are in the Okanogan-Wenatchee National Forest. Interstate 90
traverses this landscape. My study area comprised habitats immediately adjacent to the
highway within the I-90 Snoqualmie Pass East Project area (WSDOT I-90 SPEP n.d) and
the surrounding forest.

The rain shadow formed by the Cascades causes a prominent east-west
precipitation gradient across the ecoregion, peaking along the western slopes and rapidly
declining approaching the Columbia Plateau, the eastern boundary of the ecoregion
(WRCCa n.d; Sorenson 2012a n.d). Average precipitation ranges from 254 cm (100
inches) per year at Snoqualmie Pass (western edge of the ecoregion) (WRCCb n.d) to 132
cm (52 inches) per year at Lake Kachess, located near Easton, WA, 24 km to the east
(WRCCc n.d).
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Table 1. Mean characteristic frequency, wing loading, flight behavior, feeding strategies, and foraging habitats of bats species with
range distributions that fall within my study area in the central Cascade Range of Washington, USA.
Foraging habitatsc

Flight behavior d

Above canopies, forest
gaps, clearings

Fast and direct flight with relatively
low maneuverability; fly above the
ground over treetops

Gleaner

Riparian forest, forest
gaps, open fields

Slow and highly maneuverable flight;
near and among foliage

low

Aerial

Above canopies, above
riparian forest, open
fields, clearings

Slow, agile flight; high flight, above
treetops

28.8

low

Aerial

Direct and moderately fast flight; Start
high and often descend lower to about
15m above ground

Fringed myotis (Myotis
thysanodes)

25.5

low

Aerial,
Gleaner

Generalist, above
canopies, above
riparian forest, along
forest edges, over
clearings
Riparian forest, forest
edges

Western long-eared
myotis (Myotis evotis)

34.3

low

Aerial,
gleaner

Riparian forest, forest
edge, open fields

Slow and maneuverable; flexible
flight behavior

Species

Fc
21.2

Wing
loading
high

Feeding
strategyc
Aerial

Hoary bat (Lasiurus
cinereus)
Townsend’s big-eared bat
(Corynorhinus
townsendii)

23.4

moderate

Silver-haired bat
(Lasionycteris
noctivagans

27

Big brown bat (Eptesicus
fuscus)

12

Slow and highly maneuverable; 3-10
m above ground near vegetation

TABLE 1 (CONTINUED)

Long-legged myotis
(Myotis volans)

41.6

low

Aerial

Forest canopies, cliff
tops, clearings

Rapid and direct flight; high above
ground

Little brown myotis
(Myotis lucifugus)

40.8

moderate

Aerial

Riparian forest, above
water, forest edge

Maneuverable flight, typically within
5m of ground

Western small-footed
myotis (Myotis
ciliolabrum)

44.3

low

Aerial

Complex forest,
riparian forest

Slow, erratic flight and highly
maneuverable; 1 m from ground to
treetops

California myotis (Myotis
californicus)

49.1

low

Aerial

Over water, withing
forest canopies

Slow maneuverable flight; Flight is
close to the ground, but higher over
open areas

Yuma myotis (Myotis
yumanensis)

49.2

low

Aerial

Riparian forest, over
water

Slow, maneuverable flight; typically
low above water or in shrub layer

a

Humboldt University Bat Lab 2018
Lacki et al. 2007
c
Hayes and Lacki 2007; Hayes and Wiles 2013; BCME 2016
d
Hayes and Wiles 2013
b
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Figure 1. State boundary of Washington (left) and Snoqualmie Pass East Project area
(right) located along 15-mile stretch of I-90 (orange line) in the central Cascades of
Washington, USA.

Average annual snowfall reaches 420 inches (1067 cm) at the pass, the bulk of which
accumulates between October and March forming a heavy snowpack during the winter
(WRCCb n.d; Sorenson 2012a n.d). In contrast, Lake Kachess receives on average 419
cm (165 inches) per year (WRCCc n.d). The mixed-coniferous forest that forms the
primary vegetation community in the area is dominated by Douglas-fir (Pseudotsuga
menziesii), western hemlock (Tsuga heterophylla), western redcedar (Thuja plicata),
pacific silver fir (Abies amabilis), and western white pine (Pinues monticola) (Agee
2003; Sorenson 2012a; Sorenson 2012b). Understory species often include western
skunk cabbage (Lysichiton americanus), devil’s club (Oplopanax horridus), vine maple
(Acer circinatum), alder (Alnus sp.), snowberry (Symphoricarpos sp.), ninebark
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(Physcocarpus malvaceus), huckleberry (Vaccinium spp.), and bracken fern (Pteridium
aquilinum).
The mosaic of various land use and ownership around the study area exposes it
to increased anthropogenic disturbance. In particular, I-90, which supports the everincreasing demands of people traveling across the state, hosts, on average, 34,000
vehicles every day (WSDOT, 2019). An 11-km section (7 miles) of the highway was
expanded to six lanes between 2009 and 2019 during the first two phases of the I-90
Snoqualmie Pass East Project (WSDOT I-90 SPEP n.d). Existing crossing structures
were upgraded, and new wildlife crossing structures (underpasses and overpasses) were
installed as part of the I-90 SPEP in this 11-km section as well. A 13-km (8 miles) section
remains four lanes until future construction is completed during which more wildlife
crossings structures will be installed (expected between 2023 and 2029) (WSDOT I-90
SPEP n.d.).
Study Sites
I selected study sites located along and adjacent to a 5-km (3 mile) stretch of the
highway between mileposts 60.9 and 63.7, in the transition between the complete and
future construction areas of the I-90 SPEP. This allowed me to make comparisons
between sites associated with highway-adjacent locations that have recently-constructed
underpasses (mitigated) and sites associated with locations that do not have underpasses
but will in the future (unmitigated).
I selected six locations along the highway: three mitigated and three unmitigated.
Underpass locations were selected based on similarity in their design, elevation, and
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habitat characteristics. Since underpasses were designed to allow for more natural stream
flow, all underpasses had streams flowing through them. Riparian areas can host a higher
density of insects as well as provide open areas within structurally cluttered forests that
bats use to forage and travel above (Lloyd et al. 2006; Seidman and Zabel 2001),
therefore I chose the unmitigated locations based on the presence of a stream, stream bed,
or pools of water within 10 meters of each site). Unmitigated locations were also selected
based on their relatively close proximity to underpass locations in order to keep
environmental and habitat characteristics (i.e., elevation and vegetation community) as
consistent as possible across sites.
Each location had sites at three positions: north of the highway (HN, highway
north), south of the highway (HS, highway south), and an associated forest site (F)
further north (Figure 2). HN and HS sites at underpass locations were immediately
adjacent to underpasses that varied in size (Appendix A). The HN and HS sites at
unmitigated locations were immediately adjacent to sections of the highway where
underpasses will be built but at the time of this study had either no culvert or an old,
restricted box or pipe culvert (Appendix A). Forest sites were located inside the forest
300-500 meters north of each highway site (mitigated and unmitigated) to compare bat
species composition and activity levels in more natural habitats less affected by the road.
This distance was based on findings that the road-effect zone can operate within 300 m of
the road edge (Claireau et al. 2019; Kitzes and Merenlender 2014) as well as feasibility
and accessibility to sites. Within a similar distance to the south of the highway, the
Yakima River and power lines precluded comparable forest sites. Therefore, I chose
forest sites only north of the highway where habitat characteristics were more consistent
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to reduce the amount of potential confounding variables. Therefore, I chose forest sites
only north of the highway where habitat characteristics were more consistent to reduce
the number of potentially confounding variables.

Figure 2. I-90 Snoqualmie Pass East Project area (left) with an inset (red box) delineating
the area where my study sites were located (right). Study sites were monitored in groups
A (triangles), B (diamonds), and C (circles). Each group included forest sites (blue),
mitigated-highway sites (green), and unmitigated-highway sites (red).
Acoustic Monitoring
I sampled bat species composition and activity levels at all sites by recording
echolocation calls with acoustic detectors (Song Meter SM4Bat FS, Wildlife Acoustics
Inc.) and pole-mounted SMM-U2 omnidirectional microphones (Wildlife Acoustics Inc.).
Microphones were set on poles 3-4 meters off the ground to reduce sound interference
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from flowing water, rodents, and insects (Loeb et el. 2018). Detectors were set to
automatically start recording 30 minutes before sunset and stop recording 30 minutes
after sunrise each night.
I recorded echolocation calls during two-night deployments of acoustic monitors.
I randomly assigned one mitigated location and one unmitigated location (each with their
north-highway, south-highway, and forest sites) to one of three deployment groups
(Table 2). For each deployment, I set out one detector at each site so that six detectors
were recording echolocation calls at the same time for two consecutive nights (Figure 3).
The placed detectors at the highway-north and highway-south positions midway between
the edge of the highway (i.e., where the pavement ends) and the edge of the forest that
borders the highway. Detectors at the forest positions were placed along the same stream
that flows through the associated highway sites. In cases where the stream flowing
through the highway sites extended < 300 meters into the forest, detectors were placed in
the forest along the closest stream. Once the 2-night deployment was completed, the
detectors were moved to the next deployment group. I repeated this two more times for
each group. With this design, I surveyed each group of sites 3 different times between
July 27 and August 30, 2020. All files recorded during each rotation were downloaded
from SD cards onto an external hard drive at the end of the sampling period.
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Figure 3. Study design showing a deployment group made up of one unmitigated location
(red) and one mitigated location (green) where an underpass was present (black box) with
detectors placed at highway-north (HN), highway-south (HS), and forest (F) positions
(blue) associated with each location.
Acoustic Analysis
I analyzed the sound files using Kaleidoscope Pro software v5.3.9 (Wildlife
Acoustics, Inc. Massachusetts, USA). This software compiles all the sound recordings
and produces viewable spectrograms of each sound file, where sound elements such as
amplitude, frequency, and duration of sounds can be viewed. This software also has an
auto-identification feature to analyze bat calls with classifiers specific to the study region
and the bat species that occur there. Signal parameters were set so that species
identification was only attempted when two or more pulses from a bat echolocation
sequence was recorded, minimum frequency was greater than 12 kilohertz (kHz), and the
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Table 2. Information on acoustic detector study design: location name (separated by
mitigation status), milepost on I-90 where locations were, one of three groups they were
deployed in, dates they were recording (between July and August 2020), positions they
were placed in (HN, highway-north; HS, highway-south; F, forest), and the latitude and
longitude of each individual site.

Location

I-90
Milepost

Deployment
Group

Dates
sampled

A

Jul 27-28,
Aug 10-11,
Aug 21-22

Position

Latitude

Longitude

HN

47.32323

-121.32504

HS

47.32251

-121.32579

F
HN

47.32607

-121.32193

47.32809

-121.33481

HS

47.32734

-121.33525

F
HN

47.33846

-121.34257

47.32409

-121.32628

HS

47.32361

-121.32707

F

47.32694

-121.3237

HN

47.3003

-121.29309

HN

47.29974

-121.29383

F

47.30128

-121.28491

HN

47.31281

-121.31396

HS

47.31262

-121.31463

F

47.31474

-121.31158

HN

47.31023

-121.31254

HS

47.3104

-121.31322

F

47.31757

-121.30857

Mitigated
Noble Creek

Unnamed
Creek MP
60.9

Price Creek

61.4

60.9

61.3

July 30-31,
Aug 14-15,
Aug 24-25

B

Aug 7-8,
Aug 17-18,
Aug 28-29

C

Unmitigated
Houle Creek
(Unnamed
Creek MP
63.7)

Bonnie Creek

Unnamed
Creek MP
62.4

63.7

62.3

62.4

Jul 27-28,
Aug 10-11,
Aug 21-22

A

July 30-31
Aug 14-15,
Aug 24-25

B

Aug 7-8,
Aug 17-18,
Aug 28-29

C
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maximum inter-syllable gap between echolocation pulses was 500 milliseconds (ms)
(Reichert et al. 2018). Any recordings that did not fall within these parameters were
considered noise and were not included in further analysis (Reichert et al. 2018). Noise
could be the result of weather (e.g., wind, rain), traffic, construction, animals other than
bats, or bat calls that were too low in quality to fully detect.
I classified echolocation call files to species or species group using Kaleidoscope
Pro automated identification software and its associated North American bat classifiers,
in combination with manual inspection of spectrograms displayed in the Kaleidoscope
Pro viewer (Reichert et al. 2018). I based manual classification on a series of
echolocation call features and measurements reported in U.S Echolocation Call
Characteristics tables (Humboldt University Bat Lab 2018). When I was unable to assign
calls to species due to poor quality of the recoding or due to call characteristics being too
similar to another species, I classified them to a frequency guild (Table 3) based on their
characteristic frequency, i.e., the frequency of the call at its lowest slope toward the end
of the call (Humboldt University Bat Lab 2018). I was then able to use the number of bat
passes, defined as any search-phase echolocation call sequence with 2 or more pulses per
species or species group, to quantify bat activity (i.e., the number of bat passes) at each
site. Search-phase calls are used by bats to detect their prey, have a consistent structure
throughout the sequence, and are ideal for species identifications due to species-specific
variation in their structure (Murray et al. 2001). Since it was not possible to identify
individuals using acoustic data, this “bat pass” metric served as a measure of bat activity
rather than bat abundance and allowed for comparative assessment of bat activity among
sites.
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Table 3. Characteristics of echolocation frequency guilds and the bat species that can
possibly be detected in one of four guilds based on range of echolocation call frequency.
Guild

Frequency Rangea

Species
Lasiurus cinereus, Corynorhinus townsendii, Myotis

20 kHz

15-24

thysanodes
Lasionycteris noctivagans, Eptesicus fuscus, Myotis

30 kHz

25-34

ciliolabrum
Myotis lucifugus, Myotis 22olans, Myotis

40 kHz

35-44

ciliolabrum
Myotis ciliolabrum, Myotis californicus, Myotis

50 kHz

45+

yumanensis

a

Frequency ranges of each guild and associated species is based on characteristic
frequency (Fc) ranges reported by Humboldt University Bat Lab (2018).
Mist-Netting
Mist-nets were deployed at one mitigated-highway site and its associated forest
site to verify species that were detected via acoustic monitoring as well as to gain
qualitative information on bat species composing the bat community in the area. Nets
were placed over or immediately adjacent to the stream flowing through each site. Nets
were opened at sunset and remained open four hours after sunset for two consecutive
nights per site in August 2020. At the highway site, a bat biologist and I set triple-high
mist nets approximately five meters from the forest edge north and south of the entrances
to the underpass. During the first night, we set the nets parallel to the forest edge,
crossing the stream, to capture bats that might be traveling above the stream as they
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emerged from the forest. On the second night, we set the nets as perpendicular to the tree
line as possible, while still crossing the stream, to capture bats that might be traveling
parallel to the forest edge next to the highway. The net formed an angle between
approximately 45 and 90 degrees with the forest edge. At the associated forest site, we set
1 triple-high net crossing the stream (perpendicular to the stream bank) and 1 single high
net parallel to the stream bank. With this configuration, we could capture bats that were
traveling down the stream channel or bats that were flying across it. We identified
captured bats to species using morphological characteristics (Appendix B). We also
recorded age, sex, and reproductive status of all captured individuals.
Roost Surveys
Bridges and culverts under the highway in the I-90 SPEP area (milepost 57.2 to
63.7) were visually inspected for signs of roosting bats during the day sporadically during
August 2020 to determine if crossing structures were serving as resting locations for bats.
A field assistant and I inspected seven structures: two box culverts and 1 concrete round
culvert that will be upgraded to underpasses in the future and 4 new underpasses
constructed between 2009 and 2019. Visual inspection of these structures consisted of
looking in cracks and crevices on the undersides and walls of structures for the presence
of bats and signs of bat use (i.e., staining and/or bat droppings). Pole-mounted cameras
allowed us to reach and view the ledges on the undersides of the tall underpasses.
Forest Measurements
To evaluate habitat characteristics at each site, I counted total number of trees and
calculated basal area within a 0.1-ha nested circular plot consisting of three circular plots
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with radii of 5.6, 12.6, and 17.8 m and areas of 0.01, 0.05, and 0.1 respectively. I centered
the plots on the placement of the acoustic bat detector at each site. To calculate total basal
area, I measured the diameter at breast height (DBH) of trees in the understory, midstory,
and overstory stratum following methods described in Willcox et al. (2017). I counted
and measured DBH of all trees ≥ 2-m tall and < 10 cm DBH in the 5.6-m plots, all trees ≥
2-m tall and 10-40 cm DBH in the 12.6-m plots, and ≥ 2 m tall and DBH ≥ 40 cm DBH
in the 17.8-m plots.
Statistical Analysis
To assess whether bat activity varied by Position (HN, HS, or F) or Mitigation
Status (mitigated or unmitigated), I used generalized linear mixed effects models
(GLMM) in R version 3.6.1 (Rstudio Team 2021). Since the response variable within the
model, number of bat passes, was in the form of counts and was over-dispersed, a
negative binomial distribution was used (Zuur 2009). The additional HS position was
originally included in the study design to determine crossing rates between the north and
south sides of the highway, but the timing of individual bat passes was not distinct
enough to ensure reliable data. After I ran models with both HN and HS positions
included, I also ran them without HS and got the same general results. Therefore, HS was
included in summaries of total bat passes, but not in the statistical models. Thus, the final
models included only the HN and F levels of the Position variable.
Bat activity, the response variable, was estimated as a function of fixed and
random explanatory variables. The fixed variables were Mitigation Status and Position,
whereas Group, Time Period, and Site were included as random variables to account for
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the structure of our study design. Preliminary analysis included weather and habitat
variables, but these were excluded from final models due to lack of statistical significance
as determined by stepwise model selection using Akaike’s Information Criterion (AIC).
Models were fitted using the ‘glmmTMB’ package in R Studio (Brooks et al.
2017). I examined the residuals of each model using the ‘DHARMa’ package (Hartig
2021) to ensure each model fit the data and met the assumption of the associated test. I
conducted post-hoc pairwise comparisons with a Tukey adjustment method for multiple
comparisons using the ‘emmeans’ package (Length 2022).
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CHAPTER III
RESULTS
Species Composition
I recorded a total of 31,928 bat passes across 108 detector-nights (6 locations x 3
positions x 2 nights x 3 deployments). During the first deployment when I manually
identified bat recordings to species (10,358 call files, 36 detector-nights), I detected the
hoary bat (Lasiurus cinereus), silver-haired bat (Lasionycteris noctivagans), big brown
bat (Eptesicus fuscus), western long-eared myotis (Myotis evotis), little brown myotis (M.
lucifugus), western small-footed myotis (M. ciliolabrum), California myotis (M.
californicus), and Yuma myotis (M. yumanensis). All 8 of these species were found both
at sites along the highway and in the adjacent forest habitats.

The 20-kHz guild represented 47% of the total number of passes (15,107), the
highest of the four guilds. The 20-kHz guild was followed by the 30-kHz, 40-kHz and
50-kHz guilds, representing 29% (9,370), 14% (4,601), and 8.9% (2,850), respectively
(Figure 4). Bat activity significantly differed among guilds (Kruskal-Wallis nonparametric test, χ32 = 27.596, P < 0.0001). Pairwise comparisons using Dunn’s post-hoc
test indicated that bat activity of the 20-kHz guild significantly differed from that of the
40-kHz guild (P=0.005) and 50-kHz guild (P< 0.0001); bat activity of the 30-kHz guild
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also differed significantly from the 50-kHz guild (P=0.0007) (Table 4)

Figure 4. Total number of bat passes for each echolocation frequency guild.
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Table 4. Differences in bat activity between echolocation frequency guilds. Results of
Dunn’s post-hoc pairwise comparisons. Post-hoc analysis via Kruskal-Wallis nonparametric tests indicated that bat activity significantly differed among guilds (χ32, P <
0.0001). Comparisons that had P<0.05 are in bold.
20 kHz

30 kHz

30 kHz

0.20326

40 kHz

0.005187

0.09817

50 kHz

0.0000052

0.0007458

40 kHz

0.07771

Bat Activity
Generalized linear mixed-effect models of bat activity were fit for all species
combined (total bat activity) and separately for each frequency guild. Highway-south
sites were removed from these models to provide a more simplistic view of the results
because models that included highway-south sites gave very similar results. Position (HN
or F) was a significant predictor of bat activity in all models (Table 5). Mitigation Status
(mitigated or unmitigated) was a significant predictor for only the total bat activity model
(P = 0.031) and in the 20-kHz (P = 0.03) and 40-kHz (P = 0. 00163) guild models but
was retained in all models because it was relevant to my research objectives.
Bat activity of all species combined (total bat activity) was significantly higher
along the highway than in the forest (P < 0.0001, Figure 5). This was the same for
activity of the 20-kHz, 30-kHz, and 40-kHz frequency guilds, but the activity of the 50-
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kHz guild was higher in the forest than it was at the highway position (Figure 6). Activity
of the 40-kHz guild was significantly higher at unmitigated-highway and mitigatedhighway positions (P=0.011), but total bat activity, 20-kHz, 30-kHz, or 50-kHz bat
activity did not significantly differ between mitigated-highway (underpass present) and
unmitigated-highway (underpass absent) sites (Figure 7).

Table 5. Standard error (SE), degrees of freedom (df), and p-values from post-hoc
pairwise comparisons between the levels of each fixed categorical variable used in
GLMMs for total bat activity and activity of the 20-, 30-, 40-, and 50-kHz guild activity.
Categorical variables Position (Highway or Forest) and Mitigation Status (mitigated or
unmitigated) were included as fixed effects and the variables Group, Time Period, and
Site were included as random effects in all models. (Bat Passes ~ Position + Mitigation
Status+ 1|Group + 1|Time Period + 1|Site).
Model

Variable

Estimate

SE

df

P-value

Total

Position
H-F

1.76

0.285

121

<0.0001

M-UM

0.297

0.277

121

0.2861

H:M-H:UM

-0.297

0.277

121

0.7076

F:M-F:UM

-0.297

0.277

121

0.7076

Status

Position:Status
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TABLE 5 (CONTINUED)
20 kHz

Position
H-F

4.73

0.264

21

<.0001

M-UM

0.527

0.24

21

0.0396

H:M-H:UM

-0.527

0.24

21

0.1575

F:M-F:UM

-0.527

0.24

21

0.1575

H-F

3.17

0.338

23

<.0001

M-UM

0.449

0.329

23

0.1853

H:M-H:UM

-0.449

0.329

23

0.5325

F:M-F:UM

-0.449

0.329

23

0.5325

H-F

1.06

0.393

26

0.012

M-UM

1.06

0.388

26

0.0111

H:M-H:UM

-1.05997

0.388

26

0.0509

F:M-F:UM

-1.05997

0.388

26

0.0509

-1.17

0.501

27

0.027

-0.0203

0.501

27

0.968

0.0203

0.501

27

1

Status

Position:Status

30 kHz

Position

Status

Position:Status

40 kHz

Position

Status

Position:Status

50 kHz

Position
H-F
Status
M-UM
Position:Status
H:M-H:UM
30

F:M-F:UM

0.0203

31

0.501

27

1

Figure 5. Total bat activity (number of passes summed across 3 deployment periods, 6
nights, for each site) in Forest and Highway positions. Total bat activity was significantly
higher along the highway than in the forest (P<0.0001).
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Figure 6. Activity of bats (number of passes summed across three deployment periods, 6
nights, for each site) in different echolocation-frequency guilds by position (Forest and
Highway). Bat activity was significantly higher along the highway than in the forest for
the 20-kHz (P < 0.0001), 30-kHz (P < 0.0001), and 40-kHz (P = 0.012) frequency guilds,
but the activity was higher in the forest than at the highway position for the 50-kHz guild
(P = 0.027). Statistical significance was determined by generalized linear mixed effects
models for each frequency guild and associated post-hoc pairwise comparisons.
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Figure 7. Panel of activity in response to position grouped by mitigation status (a, total
bat activity; b, 20-kHz guild activity; c, 20-kHz guild activity; d, 20-kHz guild activity;
and e, 20-kHz guild activity).
Mist-Netting
Mist-netting efforts resulted in the capture and identification of three bats at the
one mitigated highway site (underpass) where I set nets. All were post-lactating female
California myotis (Myotis californicus). No bats were captured in the associated forest
site.

34

Roost Surveys
During roost surveys, a field assistant discovered signs of roosting (i.e., urine
staining and bat feces) at Rocky Run, an underpass at milepost 56.8 along the highway
(Figure 8). No signs of roosting were observed at the six other structures surveyed.

Figure 8. Potential urine staining and feces left by roosting bats at Rocky Run Underpass.
(milepost 56.8). Red arrows are pointing at bat feces that had collected on a concrete
beam of the underpass. Photo credit: Jordan Ryckman.
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Forest Measurements
Total number of trees and average basal area were measured within a 0.1hectare (17.8-m) diameter plot for each site (Table 6). Bat activity was negatively
correlated with the total number of trees (Spearman’s rank correlation test, P < 0.0001),
and with average basal area (P = 0.02265).

Total number of trees significantly differed among highway and forest mitigated
and unmitigated sites (Kruskal-Wallis test, χ32 = 96.641, P < 0.0001). Pairwise
comparisons using Dunn’s post-hoc test indicated that unmitigated highway sites had
significantly more trees than did mitigated-highway sites (P < 0.0001, Figure 9).
Similarly, average basal area significantly differed among highway-mitigated and forestmitigated sites (one-way ANOVA, F3=31.9, P <0.0001). Average basal area was
significantly greater at unmitigated highway sites than mitigated-highway sites (Tukey’s
test for multiple comparisons, P <0.0001, Figure 10).
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Table 6. Total number and total basal area of understory, midstory, and overstory trees
within a 0.1-hectare (17.8-m diameter) plot centered on the bat detector at each study site.
Site
Mitigated sites
60.9 HN
Price HN
Noble HN
Unmitigated Sites
62.5 HN
Bonnie HN
Houle HN
Forest sites
Townsend Forest
Price Forest
Noble Forest
Bonnie Forest
Houle Forest
Swamp Forest

Total number of trees

Total basal area (cm2)

7
0
0

20.4
0
0

10
6
27

110.3
201.2
43.3

61
37
40
104
21
78

46.4
181.7
115.8
26.6
151.8
61.6
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Figure 9. Total tree counts in different positions grouped by mitigation status. Tree
counts were significantly higher at unmitigated-highway sites (P < 0.0001).
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Figure 10. Total basal area (cm2) of different positions grouped by mitigation status.
Average basal area was significantly higher at unmitigated than at mitigated highway
sites (P < 0.0001).
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CHAPTER IV
DISCUSSION
Bat Species Composition
In this study, my main goal was to assess species composition and activity of bat
species in and around wildlife crossing structures along I-90. To achieve this goal, the
first objective was to determine bat species composition along the interstate highway and
compare it to that of the nearby forest. Counter to my prediction that bat species
composition would differ between forest and highway edge, all eight species detected in
the forest were also detected along the highway. I had predicted that some clutter-adapted
species with higher frequency calls (Myotis spp.) would not be found along the highway
due to their association with cluttered habitats (i.e., forests) and their tendency to avoid
open areas (Limpens and Kapteyn 1991; Laforge et al. 2019; Abbot et al. 2012b).
One possible explanation for why species did not seem to avoid the highway as
expected is that the forest edge along the highway creates a space that does not have as
many obstacles to avoid, yet still has abundant prey resources. In an experimental test of
the effects of structural complexity on bat activity where artificial clutter zones were
created and compared to control areas without increased clutter and insect availability
remained the same, the activity of Myotis spp. was significantly lower in cluttered zones,
suggesting that the net benefit of foraging in open space would be greater when there are
equal benefits in prey availability between open and cluttered areas (Brigham et al.
1997). Perhaps bats did not avoid the highway entirely because the presence of streams at
our highway sites and proximity to the adjacent forest provided ample access to prey and
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consequently there was a net benefit when foraging in the open gaps and edges formed by
the highway.
Since I did detect the Myotis spp. along the highway, it is important to consider
their increased vulnerability when foraging in the margins of the highway and in their
potential attempts to cross it. Clutter-adapted species typically have low wing loading
(i.e., short and broad wings), which causes lower flight speeds (Speakman and Thomas
2003; Hayes and Wiles 2013). Low speed in combination with their tendency to fly close
to the ground may make clutter-adapted species, such as the western long-eared myotis,
little brown myotis, western small-footed, California myotis, and Yuma myotis, more
vulnerable to vehicle collisions (Fensome and Mathews 2016).
Although all species are found at all sites, the higher frequency guilds had lower
overall activity than other guilds. One possible explanation is that the higher frequency
species such as Myotis lucifugus, M. volans, M. ciliolabrum, M. californicus, M.
yumanensis, were less active. This could be explained by the sound characteristics and
detectability of higher frequency calls. Higher frequency calls travel shorter distances
than lower frequency calls. Thus, even if bats using higher frequency calls are the same
distance away from a detector as lower frequency callers, the bats using high frequencies
could be detected less (Schnitzler and Kalko 2001; Adams and Jantzen 2012). Also, a
study testing how traffic noise affects foraging efficiency in bats found that the search
time of bats when hunting insects increased when exposed to traffic noise; traffic noise
can affect a bat’s ability to detect prey up to 60 m from a highway (Siemers and Schaub
2010). Detection distance of prey by bats is also reduced with traffic noise because bats
fly closer to their target to detect and localize it (Siemers and Schaub 2010). Therefore,
41

the lower activity in the higher-frequency guilds could be attributed to limitations of
higher-frequency echolocation calls and the role that traffic noise plays in further
reducing their prey-detection range.
Bat Activity in the Forest vs. along the Highway
My second objective was to determine if bat activity along the highway differed
from that in the nearby forest. I expected activity to be lower near the highway due to
studies reporting decreases in bat activity as proximity to a roadway increased (Claireau
et al. 2019; Berthinussen and Altringham 2012); however, total bat activity was
significantly higher at highway locations than in the forest. This trend was consistent for
the activity of the 20-, 30-, and 40-kHz frequency guilds. However, activity of the 50kHz guild was lower near the highway than it was in the forest.
Higher activity along the highway was likely influenced by several factors. Forest
sites were obviously more structurally complex (i.e., cluttered) than the highway sites.
Bat activity tends to be higher in less cluttered spaces (i.e., edge and open habitats) than
in cluttered spaces (i.e., forests) (Brigham et al. 1997; Grindal 1995). This conforms to
our results for all but the 50-kHz guild, commuting in structurally complex, cluttered
forest habitat can increase energy expenditure of bats due to the metabolic requirements
associated with perceiving and avoiding more obstacles (Aldridge and Rautenbach 1987).
Even Myotis spp. (i.e., 50-kHz guild) that have echolocation and wing adaptations
primarily suited for maneuverable flight in cluttered habitats can have increased activity
in areas just outside cluttered areas where insect concentrations are occasionally found
and foraging flight costs are relatively lower (Brigham et al. 1997). If the net benefit of

42

foraging in open space. discussed previously, is more important for bats than risks
associated with flying over and near roads, this could explain the higher activity along I90 than in the adjacent forest for most bats in my study.
Further, linear landscape elements (i.e., hedgerows, tree lines, canals, etc.) are
important for bats when commuting and foraging (Limpens and Kapteyn 1991; Lesinski
2008; Russel et al. 2009; Boughey et al. 2011; Berthinussen and Altringham 2012). The
importance of linear landscape elements could be attributed to orientation and perceptual
challenges that echolocating bats face and the tendency for bats to use them as
identifiable corridors when navigating between roosting and foraging habitat (Limpens
and Katepyn 1991; Schnitzler and Kalko 2001; Aldridge and Rautenbach 1987). Also,
many linear features bats travel along are at vegetation borders and form the open-edge
interface just outside cluttered forest that are relatively rich with insects and provide
energy-efficient foraging opportunities as discussed above (Verboom and Huitema 1997).
The forest edge along I-90 could be serving as a prominent linear landscape feature that
bats are using to navigate while flying to foraging or other essential habitats, which could
explain why activity levels were higher along the highway compared to the forest.
Guild activity followed similar trends. For the 20-, 30-, and 40-kHz guilds,
activity was also higher along the highway and eight species were detected in both forest
and highway positions, but guild analyses suggest that some species are more active
along the highway compared to the forest than others. The 20- and 30-kHz guilds, which
were made up of larger species such as hoary and silver-haired bats, showed more
activity along the highway than in the forest. These bats are lower-frequency
echolocators with long narrow wings that make them best suited for open habitats and
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limit their ability to navigate in cluttered ones. Small bats with high frequencies and
higher wing loading (i.e., more maneuverable flight) are able to take advantage of
increased prey in cluttered spaces, but larger bats with low frequencies and low wing
loading (i.e., less maneuverable) are not due to morphological restraints (Lacki et al.
2007) The greater difference in activity between highway and forest sites for the 20- and
30-kHz guild, compared to the 40- and 50-kHz guilds, could therefore be explained by
the ability of smaller bats to exploit both open and cluttered habitats. This could mean
that the larger bats species belonging to the lower frequency guilds found in my study
area, such as hoary, silver-haired, and big brown bats, are more restricted to open
habitats. This might make them more active along the highway, increasing their
susceptibility to road effects and putting their populations at greater risk.
Lower activity along the highway for the 50-kHz guild may be due to guildspecific adaptations. Bhardwaj et al. (2017) found clutter-adapted species to be less active
near roads compared to vegetation surrounding the roadway. A comparison of roadcrossings of an open-adapted species (Barbastrelle sp.) to a clutter-adapted species
(Bechsteins sp.) using radio-tracking revealed that the clutter-adapted bats crossed the
road significantly fewer times than the open-adapted bats (Kerth and Melber 2009). The
species that could have contributed to the 50-kHz bat passes in my study include M.
ciliolabrum, M. californicus, M. yumanensis, all of which had the highest frequencies and
are adapted for cluttered habitats, corroborating the results of Bhardwaj et al. (2017).
Their high-frequency calls make them better suited for aurally detecting prey and
obstacles at short-ranges. Therefore, the 50-kHz bats, which rely more on close-range
detection and have calls that travel shorter distance than the other guilds, may be deterred
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by the road-gap due to risks associated with sensory limitations and preference towards
flying close to vegetation, emphasizing the need to consider species-specific effects and
directing attention towards species that are potentially more vulnerable to the highway.
Hypotheses to test in future studies are 1) whether bats belonging to the 50-kHz guild
(i.e., M. ciliolabrum, M. californicus, M. yumanensis) avoid the highway more than do
bats belonging to lower frequency guilds and 2) whether highways are less of an
impediment for large bats with low frequency echolocation calls.
Bat Activity at Mitigated vs. Unmitigated Areas
Comparisons of bat activity at underpasses (mitigated) to locations without them
(unmitigated) revealed no statistically-significant differences between the two areas.
Although not significant, raw numbers of bat passes suggested that activity might be
higher at unmitigated than at mitigated highway sites. This did not match my predictions
of higher activity at mitigated sites with underpasses (which would have suggested that
bats may preferentially use these structures to cross the highway). Other studies
examining use of underpasses have found bats to use culverts and underpasses to cross
below major roads but bats also crossed over roadways (Berthinussen and Altringham
2012; Bhardwaj et al. 2017; Kerth and Melber 2009). These studies mostly found higher
bat activity at underpasses than areas along the road where underpasses were not in place,
but cases where underpasses were not used as frequently as unmitigated areas were often
attributed to species-specific differences in echolocation and morphological
characteristics. For example, open-adapted bat species were found to rely less on
underpasses and more often flew above the road to cross it (Bhardwaj et al. 2017; Kerth
and Melber 2009). Foraging behavior of hoary bats is often associated with open areas
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and clearings. This can be attributed to their flight height, wing loading (narrow and long
wings), and use of lower frequency echolocation calls that make them better adapted for
navigating open spaces. In my study, the 20-kHz guild, likely mostly made up of hoary
bats, made up most of the activity along the highway. This could explain why there was
less activity at underpasses and why activity levels did not differ between unmitigatedand mitigated-highway sites.
The presence of pre-existing commuting routes merits consideration when
evaluating bat activity near highways. Bats have been found to preferentially fly through
underpasses as opposed to crossing over the road, but this was only at a location of a preconstruction commuting route where bats were not required to adjust flight height or
direction In contrast, at underpasses where bats would have to divert from their original
commuting routes, a smaller proportion of bats flew through them relative to crossing
over the road (Berthnussen and Altringham 2012). Activity along I-90 at highway
locations could be unknowingly influenced by bat commuting routes nearby. Bats in our
study area may have had established commuting routes prior to construction that they
continued to use after construction regardless of the availability of a nearby underpass. If
structures were not built over pre-established commuting routes, researchers cannot
assume that bats will change their flight path to use underpasses. There is a possibility
that commuting routes exist near or at the locations of unmitigated sites, contributing to
the differences and/or lack of differences I found between mitigated and unmitigated
sites. Bat activity along the highway prior to construction of the three underpasses
included in our study may have been lower than it is now, which would suggest these
underpasses are effective in facilitating movement across the road. However, there is no
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way to know this information without pre-construction data, highlighting the need for
more robust planning and monitoring prior to construction of crossing structures to better
assess their placement and effectiveness for bat species.
Another potential confounding factor in my study is that the width of the road gap
and proximity to forest edge differed between mitigated- and unmitigated-highway sites.
This was a consequence of choosing locations both where construction has been
completed and where it has not been completed. Areas where construction was complete
have had the number of lanes upgraded from four to six, while pre-construction areas
remained at 4 lanes at the time of my study. Underpasses were in a portion of the
highway where the gap was wider due to there being six lanes and the tree line being cut
back a considerable distance from the edge of the roadway for reconstruction of the
stream channels and installation of the crossing structures. In contrast, unmitigated sites
were in locations where the gap across the highway was narrower due to there being 4
lanes (2 eastbound and 2 westbound) and no construction clearing. The larger gap across
the road at l underpasses could deter their use by bats because more time is required to
cross it. Without guiding or sheltering vegetation, bats may perceive it as too risky due to
exposure to potential predators or vulnerability to vehicle collisions. Further, bats might
rely on tree silhouettes or other visual landmarks to navigate across large gaps (Abbott et
al. 2012b). Indeed, other studies have suggested that crossing frequency decreases as
distance to surrounding vegetation increases (Abbott et al. 2012b; Bennett and Zurcher
2013; Laforge et al 2019).
Since the tree line at underpasses was cut back farther from the roadway edge, the
detectors were also further from the forest edge at underpass locations than at unmitigated
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locations. The closer proximity to the forest edge at unmitigated sites may have
contributed to higher bat activity because edge habitats tend to have higher levels of
activity (Grindal 1995; Brigham et al. 1997; Jantzen and Fenton 2013). Also, since
detectors were closer to the forest at unmitigated sites, they may have detected bats flying
inside the forest canopy. This could have resulted in more bat passes being attributed to
unmitigated sites, and the lack of significant differences between mitigated and
unmitigated sites. Future studies could account for this by incorporating more detectors
around the underpass: detectors positioned directly at the entrances on both sides of the
structure and detectors at nearest forest edge.
The mitigated sites also had street lighting, while the unmitigated sites did not,
creating another factor that could be confounding results. In studies where the effect of
artificial lighting on bat activity was tested, it was found that bats avoided lights and were
less active in areas where they were present (Stone et al. 2015; Rowse et al. 2015;
Pauwels et al. 2021). The presence of lighting at the locations of underpasses thus might
be deterring bats leading to less bat passes being picked up at mitigated sites compared to
unmitigated sites where streetlights are absent. In some cases, bats are attracted to lights
because insects tend to concentrate near them, creating foraging opportunities (Stone et
al., 2015). It remains unclear whether the lights found near underpass locations in my
study area provide artificially create foraging resources or if they lead to road avoidance
behaviors. Future studies should incorporate insect sampling methods to measure insect
abundance near highway sites with various levels of light exposure.
Quantifying bat activity using the number of passes allows for a comparative
assessment of bat activity between sites, but it is also important to consider that number
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of bat passes do not relate to bat abundance. For example, if passes are recorded on a
detector, I cannot determine if they are from multiple bats or if it is just from a few bats
flying past the detector multiple times. So, when drawing conclusions about activity level
differences between sites, it cannot be assumed higher activity levels relate to the number
of the number of bats there.
Mist-Netting
Mist-netting efforts resulted in the capture of three reproductive female
California myotis species at one underpass site. Although I was unable to mist-net at all
my sites, this shows that reproductive females are traveling and likely foraging along the
highway. This is important for two reasons: 1) it provides evidence that reproductive
females are flying out of the forest and towards the underpass, which means that they
could potentially be using the underpass to access foraging habitat in and around the
crossing structure. 2) it could mean that reproductive females are at increased risk of
collisions with cars, which is of great concern given that they only give birth to 1 pup on
average per year, making them more susceptible to population declines.
Roosting
My sampling effort for roost surveys was limited, but I still found that bats could
potentially be using one underpass as a roosting site. Despite these limited signs of
roosting in my study area, it is well known that bats use highway structures (i.e., bridges
and culverts) as day and night roosts (Keeley and Tuttle 1999). In areas of high human
disturbance, where roosts have been disturbed or destroyed, bridges and culverts have
become somewhat of a refuge of last resort. Highway structures benefit a variety of
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species (Celuch and Sevcík 2008; Feldhamer et al., 2003; Geluso and Mink 2009; Keeley
and Tuttle 1999). In fact, 24 different species of bats (4.25 million total bats) used 211
highway structures as roosting sites in the United States (Keeley and Tuttle 1999). Still,
only one percent of highways in the United States have ideal roosting conditions for bats
(Keeley and Tuttle 1999). Roost characteristics that bats prefer in bridges include
concrete as the primary construction material, vertical crevices 0.5 to 1.25 inches (0.25 to
3 centimeters) wide, vertical crevices 12 inches (30 cm) or greater in depth, roost heights
of 10 feet (3 meters) or more above the ground, a sealed top to protect from rain, and full
sun exposure to increase temperatures. Also, bridges with flat bottoms are not usually
used as roosts because they lack inter-beam spaces that create crevices and ledges for bats
to roost in (Bektas et al. 2018; Keeley and Tuttle 1999). I recommend that highway
structures in the I-90 SPEP project area and along other major highways be surveyed and
evaluated for ideal roosting characteristics. Areas where culverts or other old structures
are to be upgraded should be surveyed before and after construction so that the impacts of
bats using old structures is reduced and to determine if and within in what timeframe bats
occupy new structures.
Conclusion
This study was the first to compare bat species composition and activity at
wildlife crossing structures along Interstate-90 in Washington State’s Cascade Range. I
was able to confirm the presence of 8 bat species in the habitats immediately adjacent to
I-90 and in the surrounding forest. I found that bat activity differed between forest and
highway sites but in varying degrees for different frequency guilds, suggesting that the
road can affect bats differently depending on their species-specific flight and
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echolocation abilities. A significantly higher number of passes in forest than long the
highway for bats in the 50-kHz frequency but not for the other groups, suggests that the
road may act as more of a barrier to clutter-adapted species with higher frequency calls.
All other frequency guilds were more active along the highway, indicating that they
might be crossing it more, which would put them at an increased risk for collisions with
cars.
Due to confounding factors and limited scope of our study, I was unable to
reliably determine if bats preferred to cross the highway through underpasses or over the
highway. However, by comparing activity among different sites along a major highway
with and without underpasses, we can begin to understand whether WCS are an attractive
feature for bats traveling through a road-dominated landscape. Even with the limitations
discussed here, I was able to gather valuable information that can help guide future
crossing structure design considerations and management decisions regarding bats along
roads.
I recommend more intensive monitoring efforts of bats along roads to better
understand the exact mechanisms behind differences in bat activity between mitigated
and unmitigated sections of the road. Monitoring should incorporate more crossing
structures across a larger spatiotemporal scale. Efforts should also include monitoring
before, during, and after construction to properly assess WCS effectiveness for bats.
Finally, monitoring efforts should involve multiple methods (e.g., acoustic monitoring,
mist-netting, radio-tracking, roost surveys etc.) to better assess habitat use by bats.
Knowing which areas are used and why will help us create structures that more
effectively reduce impacts of roads on bat populations.
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APPENDIXES
Appendix A:
Characteristics of I-90 crossing structures

Pre-construction
Milepost Latitude Longitude Elevation Structure Width
(ft)
Type
(ft)

Height
(ft)

Unnamed
Creek MP
60.9

60.9 47.32768 -121.335

2524 2' culvert

2

2

Price
Creek

61.3 47.32383 -121.327

2508 10'
concrete
box

10

10

Noble
Creek

61.4 47.32285 -121.325

4

4

Bonnie
Creek

62.3 47.31278 -121.314

2508 4'
corrugated
metal
pipe
2429 6'
concrete
round
culvert
EB / 6'
box
culvert
WB

6

6
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Post-construction
Length Structure Width Height Length Road Open
(ft)
Type
(ft) (ft)
(ft)
Lanes Median
(ft)
310 Bridge
180
24 220
6
90
underpasssingle
span
272 Bridge
120
35 180
6
50
underpasssingle
span
410 Bridge
120
22 185
6
50
underpasssingle
span
187 Bridge
600
21 150
4
38
underpassmulti span

Wildlife
Underpass
MP 62.5
(Unnamed
Creek MP
62.4)
Houle
Creek
(Unnamed
Creek MP
63.7)

62.5 47.31049 -121.313

2411 (None)

63.7 47.29999 -121.293

2432 8' box
culvert WB
/ 4'
corrugated
metal
culvert
WB

No
No
No
Bridge
200
structure structure structure underpassmulti
span

4

64

4

310 Bridge
100
underpasssingle
span

18

150

4

38

32

206

4
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Appendix B:
Bat species identification key
(Abigail Tobin, personal communication, August 24, 2020)
Myotis Species (Vespertilionids)

IF HAVE LONG EARS (usually >16mm)
Myotis evotis1 (western long-eared myotis; MYEV) – Dark opaque ears, range from 17-22mm
(mean 20mm). Forearm (FA) 36-42mm (mean 38mm). Not a distinct keel. Echolocate at mid-30kHz.
Figure 1.
Myotis keenii1 (Keen’s myotis; MYKE) –ear length range from 16-20mm (mean 18mm). FA 34-39mm
(mean 36mm). Not a distinct keel and usually has distinct shoulder patches.
Myotis thysanodes (fringed myotis; MYTH) – Small hairs or fringes on uropatagium. FA 40-45mm
(mean 42mm), ear length 16-20mm (mean 18mm). Calcar not keeled. Echolocate at 20kHz. Figure 2.

Figure 1: Myotis evotis.

Figure 2: Hairs on uropatagium of Myotis thysanodes.

IF HAVE KEELED CALCAR (Figure 3 & 6)
Myotis ciliolabrum2 (western small-footed myotis; MYCI) – FA 28-34mm (mean 32mm). Echolocate
at 40kHz. Range does not extend into western Washington. Usually has hairless snout that is wide
and dark. Figure 4.
Myotis californicus2 (California myotis; MYCA) – FA 29-35mm (mean 32mm). Echolocate at 50kHz.
Myotis volans (long-legged myotis; MYVO) – Underside of wing is furred from side of body to elbow.
FA 34-43mm (mean 38mm). Figure 5.
65

Figure 3: Bat with keeled calcar.

Figure 4: Physical comparison of Myotis ciliolabrum and M. californicus.

Figure 5: Furred underside of wing of a Myotis volans.

IF NOT HAVE KEELED CALCAR (Figure 6)
Myotis lucifugus2 (little brown bat; MYLU) – FA 33-40mm (mean 36mm). Ear length 9-17mm (mean
13mm). Echolocate at 40kHz. Typically have glossy or bronzy sheen with longer, coarser fur.
Myotis yumanensis2 (Yuma myotis; MYYU) – FA 30-38mm (mean 34mm). Ear length 8-16mm (mean
14mm). Echolocate at 50kHz. Typically have dull sheen with finer, shorter fur.

Figure 6: A) bat with a calcar not keeled and B) bat with a keeled calcar. From Caire et al. 1989 Mammals of Oklahoma.
1The

forearm and ear length of MYEV and MYKE overlap extensively making species identification difficult.

2The

most reliable ways to distinguish between MYCA and MYCI, and MYYU and MYLU is by obtaining a voucher
echolocation call or from a genetic sample (e.g., guano, wing biopsy).
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Other Vespertilionids that are visually distinguishable:
Parastrellus hesperus (canyon bat; PAHE) – FA 26-33mm. Black mask and a short blunt tragus. Range
does not extend into western Washington.
Eptesicus fuscus (big brown bat; EPFU) – FA 43-52mm (mean 47mm). Short and blunt tragus.
Corynorhinus townsendii (Townsend’s big-eared bat; COTO) – FA 41-46 (mean 43mm).
Antrozous pallidus (pallid bat; ANPA) – FA 48-60mm (mean 55mm). Range does not extend into
western Washington.
Euderma maculatum (spotted bat; EUMA). Range does not extend into western Washington.
Lasionycteris noctivagans (silver-haired bat; LANO) – FA 39-43mm (mean 41mm). Black fur with
silver tips. Hair on tail membrane.
Lasiurus cinereus (hoary bat; LACI) – FA 50-58mm (mean 53mm). Large bat with orange around face
and salt and pepper color on the body.
Additional Information

Figure 8: How to measure ear (blue)

Figure 9: How to measure forearm.

distinguished and tragus length (red).

Figure 10: A) sub-adults are
from adults (B) by their translucent
finger joint and lack of a
rounded calcified joint.

Contact Abigial.Tobin@dfw.wa.gov for additional information.
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